Using platinum(IV) prodrugs of clinically established platinum(II) compounds is a strategy to overcome side effects and acquired resistances. We studied four oxaliplatin-derived platinum(IV) complexes with varying axial ligands in various in vitro and in vivo settings. The ability to interfere with DNA (pUC19) in the presence and absence of a reducing agent (ascorbic acid) was investigated in cell-free experiments.
Introduction
Although the field of anticancer therapy has been broadened and changed in the last few years, three platinum(II)-based complexes, cisplatin, carboplatin and oxaliplatin, continue to be used worldwide, mostly in combination with a wide range of other drugs (e.g., doxorubicin, etoposide, gemcitabine, paclitaxel, 5-FU etc.). These platinum(II) complexes show high activity against several tumor types and are among the most successful anticancer drugs. However, severe side effects, resulting from incidental reactions with proteins, such as nephrotoxicity, ototoxicity (in the case of cisplatin) and peripheral neurotoxicity, as well as acquired and hardly predictable intrinsic resistances are major drawbacks. [1] [2] [3] [4] Oxaliplatin ((trans-R,R-cyclohexane-1,2-diamine)oxalatoplatinum(II)) is a third-generation platinum drug active against certain intrinsically cisplatin-and carboplatin-resistant tumors and showing different side effects. 5 A combination therapy consisting of oxaliplatin, 5-fluorouracil and folinic acid is a standard adjuvant treatment in patients with stage III colon cancer. To improve convenience for the patients (e.g., by oral administration) and to overcome side effects and resistances, platinum(IV) complexes are being developed based on the following considerations: it is widely accepted that platinum(IV) complexes are kinetically more inert, which may be reflected in lower side effects. 6 This inertness together with their higher lipophilicity renders them more suitable for oral administration. 7, 8 Their octahedral configuration, with two additional ligands (compared to platinum(II) analogs), enables wide ligand variation. These binding sites can be used to influence the reduction parameters, kinetic stability and lipophilicity of the complexes for optimization of oral bioavailability, stability in the bloodstream and cellular accumulation, before they are reduced to the more active platinum(II) species by, e.g., small molecules such as glutathione (GSH) or ascorbic acid (AA). A versatile strategy is to combine a known drug, such as oxaliplatin, with axial ligands introducing an additional function. [9] [10] [11] [12] [13] In solid tumors, hypoxia can lead to chemotherapy 14, 15 and radiation therapy resistances 16, 17 and increase tumor invasiveness. Hence, hypoxia is used as a prognostic marker for malignancy and often correlates with a poor treatment outcome. 18, 19 Hypoxic tumor regions are associated with decreased pH and poor nutrient supply. Moreover, cancer cells under hypoxia show gene expression changes and altered proteomic patterns due to adaptation of survival mechanisms. 19, 20 In addition, genomic instabilities and accumulation of mutations are found due to increased selective pressure. 21 Therefore, hypoxic regions are hotspots of mutations and sources of resistance development. Low oxygen pressure and decreased pH create a reductive milieu that may alter drug penetration and bioprocessing of drugs. 21 While, in many cases, bioreduction under hypoxia is an unwanted process since it decreases drug stability, platinum(IV) complexes are prodrugs that require reduction to their more active platinum(II) species. Therefore, platinum(IV) drugs might target hypoxia more selectively and may be advantageous in solid tumors with extensive hypoxia. These considerations argue for the use of cellular models of hypoxia in preclinical drug screening. Using platinum(IV) complexes bearing an oxaliplatin core may have an additional advantage, as oxaliplatin is known to induce immunogenic cell death. Cells treated with oxaliplatin interact with T cells and cause them to produce interferon g. 5, 22, 23 Herein, four oxaliplatin-based platinum(IV) compounds 24 (Fig. 1 ) as well as oxaliplatin and satraplatin as reference substances were investigated. Their ability to interact with DNA in the presence and absence of the reducing agent ascorbic acid was evaluated. The cytotoxicity was determined in three human colon carcinoma cell lines (HCT15, HCT116 and the oxaliplatinresistant subline HCT116oxR) under normoxic and hypoxic conditions in monolayer cultures as well as in multicellular spheroids. Furthermore, their influence on the cell cycle and their capacity to induce apoptosis were determined by flow cytometry. In vivo studies against leukemia and a solid tumor model in both immunodeficient and immunocompetent mice were performed to clarify whether these platinum(IV) compounds behave similarly to oxaliplatin with regard to immunodependence. The results support the concept of developing platinum(IV) prodrugs of oxaliplatin, adding the aspect of bioreductive activation while evidently maintaining the immunogenicity of the parent drug.
Results and discussion

Electrophoretic dsDNA plasmid assay
It is widely accepted that the main target of platinum complexes is DNA. 5, 7, 25 To obtain a first insight into a compound's capacity for interacting with DNA, the cell-free electrophoretic dsDNA plasmid assay is a straightforward method to use. All interfering effects of medium constituents and influences of cellular accumulation or defense mechanisms can be excluded, and the direct impact of equimolar concentrations of the compounds in the absence and presence of ascorbic acid on pUC19 plasmid dsDNA can be examined. To exclude the direct effects of ascorbic acid on DNA, some control samples were treated with 500 mM ascorbic acid alone for 8 h (C 8h+AA ), yielding electropherograms comparable to untreated controls (except for somewhat intensified bands corresponding to an open circular plasmid, which might suggest a certain incidence of single-strand breaks; these bands also seem to intensify with time in samples treated with, e.g., 2 + AA, or 2b + AA; but none of these would prevent the observation of any impact the platinum complexes might have on the supercoiled form). As shown in Fig. 2 , cis-diamminedichloridoplatinum(II) (cisplatin, 50 mM) interacts with plasmid DNA within 15 min, causing total untwisting of the supercoiled form to the open circular form after 30 min, indicated by the maximum DNA band shift, followed by counter-coiling after 1 h. For oxaliplatin, bearing a chelating oxalate ligand instead of chlorides as the leaving group, the interaction with DNA is slowed down and pronounced untwisting of the plasmid starts only after 4 h. Remarkably, the DNA band shift patterns caused by platinum(IV) compounds are more diverse than expected. While complexes 1 and 2 and satraplatin (all 50 mM) have no effect on pUC19 without the reducing agent, 2b interacts slightly with DNA after 6-8 h, and 2a starts to retard DNA migration already after 4 h, similar to oxaliplatin. 2b shows only a minor influence on pUC19, no matter whether it was incubated with or without ascorbic acid. In contrast, addition of a reducing agent strongly increases the effects of 2a and satraplatin, as retardation of the supercoiled plasmid has started already after 2 h. This pattern for satraplatin was already reported by Pichler et al.; 26 2a totally untwists the plasmid after 4 h, but does not start to counter-coil DNA within 8 h. Overall, the electrophoretic dsDNA plasmid assay confirmed that platinum(II) species are more prone to interact with DNA than their platinum(IV) analogs, but showed that these differences might be smaller than expected in some cases.
Recently, a series of publications dealt with the rates of reduction of platinum(IV) complexes with different ligand spheres and physiologically available reducing agents such as glutathione and ascorbic acid. [26] [27] [28] [29] [30] [31] [32] [33] [34] According to the literature, tetracarboxylato platinum(IV) complexes have very slow reduction kinetics, conclusively explainable by the low ability of carboxylates and amines to function as electron transfer ligands. Hydroxido ligands should increase the electron transfer rate and therefore distinctly increase the reduction rate, resulting in a half-life of around 2.5 h for complex 1 as reported by Zhang et al. 28 The observed DNA interaction pattern of 2b correlates very well with the published rate of reduction of tetracarboxylato platinum(IV) compounds in phosphate buffered solution. However, the pattern of 1 differs from the expected behavior, as fast reduction rates should facilitate the interaction of the reduced platinum species with DNA, whereas no interaction was observed within the tested 8 h timeframe. As a consequence, the reduction patterns of 1 and 2b under co-incubation with ascorbic acid or glutathione were measured over at least 8 h by 1 H NMR (ESI †). No significant reduction of 1 and 2b was observed at room temperature with a molar ratio of compound : reductant of 1 : 2 within 8 h. Increasing the temperature to 37 1C and the amount of reductant to a 10-fold excess still did not result in the reduction of compound 1 when incubated with glutathione, whereas ascorbic acid gave rise to a minor amount of reduced platinum(II) species.
These cell-free experiments demonstrate that the substances under investigation are reducible with ascorbic acid but may require a timeframe of several hours for detectable effects. As reported recently by Pichler et al. 26 and Göschl et al., 35 co-incubation of rapidly reduced platinum(IV) complexes with ascorbic acid may even decrease the cytotoxic effect, suggesting that extracellular reduction may result in a different cellular accumulation behavior. For this reason, these platinum(IV) compounds were tested in advanced cell culture models mimicking the reductive environment of solid tumors rather than co-incubating with reducing agents in conventional cell culture settings.
Comparative cytotoxicity in different cell culture models
The platinum(IV) compounds 1 and 2b and reference compounds satraplatin and oxaliplatin were tested in three colon carcinoma cell lines with different levels of drug sensitivity. HCT116 is the most platinum-sensitive cell line in this panel. HCT15 was chosen as it is intrinsically less sensitive than HCT116; and HCT116oxR, a subline with acquired oxaliplatin resistance, shows the lowest sensitivity. To determine the IC 50 values in different cellular models and under different oxygenation conditions, the fluorimetric resazurin assay was chosen, which allows staining of the spheroids directly in the treatment medium (Table 1) . It is widely accepted that platinum(IV) complexes are activated by reduction. 7, 26 Hence, the influence of hypoxic conditions on the cytotoxic behavior was one major focus. Hypoxia can be induced in different ways. To compare the effects of normoxia and hypoxia in a 2D adherent monolayer culture, the cells were grown under normal conditions (21% O 2 ) or in a hypoxic chamber (0.5% O 2 ). Secondly, a hypoxic environment was generated in 3D spheroid cultures. To verify the size-dependent generation of hypoxia, HIF-1-alpha (hypoxia-inducible factor 1-alpha) expression and the extent of necrosis (in spheroids with diameters of about 150 and 400 mm) were investigated by using specific antibodies and propidium iodide (PI) staining, respectively. The results confirm the generation of hypoxia, as spheroids with a diameter of 4400 mm show a distinct HIF-1-alpha expression already 30-40 mm beneath the surface ( Fig. 3B ), while spheroids with about 150 mm diameter show no evidence for HIF-1-alpha expression ( Fig. 3A ). Additionally, PI staining of the necrotic core is highly positive only in spheroids with a size of about 400 mm but not in the smaller (150 mm) ones (Fig. 3A ). In conclusion, spheroids with a diameter of about 400 mm were considered highly 
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appropriate for the testing of platinum(IV) compounds for correlation with their reduction properties.
Under normoxic conditions, all tested compounds are about twice as active in HCT116 than in HCT15 cells and 3-52 times (the latter in the case of oxaliplatin) more active than in HCT116oxR cells, based on IC 50 values. Although HCT116oxR cells are less resistant to all platinum(IV) complexes than to oxaliplatin, none of them could fully overcome the resistance. Even satraplatin, lacking the oxaliplatin core structure, shows similar activity in HCT116oxR as in HCT15 cells. Compounds 2b and 2a are about 2-4 times more active than 2, respectively, in HCT15 cells. 2a is the most active platinum(IV) compound bearing an oxaliplatin moiety in all tested cell lines followed by 2b. Cytotoxicity increases in the following order in HCT15 and HCT116 cells: 2 r 1 o 2b o 2a o satraplatin o oxaliplatin. In HCT116oxR cells, the order is similar, just with satraplatin being about five times more active than oxaliplatin.
A similar cytotoxicity pattern can be observed under hypoxic conditions (1 r 2 o 2a E 2b o satraplatin o oxaliplatin in HCT15 and HCT116 cells, whereas in HCT116oxR 1 is more active than 2 and satraplatin is more active than oxaliplatin). Induction of hypoxia in a monolayer culture seems to have minor effects on cytotoxicity, as IC 50 values in hypoxic and nonhypoxic monolayer cultures are for most complexes and cell lines comparable. The only exceptions are satraplatin in HCT15 cells, in which it is 3 times ( p o 0.0001) more active than under normoxia, and 2b, which is more than twice as active in HCT15 ( p o 0.05) and HCT116 ( p o 0.01) cells under hypoxia. For oxaliplatin, a slight decrease in activity in HCT116 and a significant one ( p o 0.001) in HCT116oxR cells were noticed. Thus, the expected significant activation of the tested platinum(IV) complexes under hypoxic conditions in a 2D cell culture setting could only partially be observed.
In hypoxic spheroids, however, all tested compounds show a significantly decreased cytotoxicity compared to normoxic monolayer culture in all cell lines. While compound 1 is only weakly affected, the most prominent drop in activity was found for 2a and oxaliplatin ( Fig. 4) . 2a is up to 20 times and oxaliplatin even 13-64 times less active in spheroids than in the corresponding monolayer cultures. 2b is tremendously less active (412 times) in HCT15 spheroids but is only about twice less active in HCT116 spheroids than in 2D culture. Such a pattern in HCT116 spheroids was already shown for satraplatin and oxaliplatin previously. 36, 37 The lack of activation by reduction of the tested platinum(IV) compounds might be explained by counteractive characteristics of spheroids such as impaired drug penetration and inhomogeneity in drug distribution throughout the spheroid possibly overshadowing the former effect. Theoretically, hypoxia per se might be expected to lead to a decrease in oxidative capacity, without necessarily increasing the reductive capacity significantly, which would influence net rates of reduction only if reduction was reversible (which is not the case for platinum(IV) complexes, though). However, evident gradients of redox potentials within spheroids (such as those demonstrated previously by us 38 ) were proposed to reflect alterations in the cellular metabolism (e.g., activation of glycolysis providing more reducing equivalents of NADPH) associated with hypoxia. 39 Annexin V/PI assay When cells undergo apoptosis, phosphatidylserines (PS) are translocated from the inner leaflet of the lipid bilayer of the plasma membrane to the outer one. Thereupon, annexin V can specifically bind to PS, 40 which serves as a marker for all apoptotic cells, whereas the DNA-intercalating stain PI can only penetrate into cells with damaged cell membranes, such as necrotic or late apoptotic cells. Annexin V-FITC/PI double staining thus enables the differentiation of viable (AVÀ/PIÀ), early apoptotic (AV+/PIÀ), late apoptotic (AV+/PI+) or necrotic (AVÀ/PI+) cells.
As shown in Fig. 5 , satraplatin is able to induce apoptosis at the highest concentrations in all tested cell lines already after 24 h, whereas oxaliplatin shows no activity in HCT116oxR cells. In accordance with the cytotoxicity data above, all other compounds are less active or inactive in HCT116oxR cells. Furthermore, no or only minor apoptosis induction is detectable in HCT116oxR and HCT15 cells after 24 h. In HCT116 cells, 2a induces apoptosis to a higher extent than 2b or 2, and increasingly with time. When the incubation time is increased to 48 h, all tested compounds are still least active in HCT116oxR cells but demonstrate prominent effects in HCT15 and HCT116 cells. While an increase in the early apoptotic cell fraction is detected in HCT15 cells, more HCT116 cells are already in a late apoptotic phase after the same incubation time with the same concentrations ( Fig. 5 ). Overall, this is in line with the enhanced sensitivity of HCT116 cells in comparison to HCT15. When early and late apoptosis are taken together, satraplatin (50 mM) is the most potent of all tested complexes followed by oxaliplatin (50 mM) 4 2a 4 1 4 2b E 2 (all 2000 mM) in HCT15 cells and oxaliplatin E2a 4 2b E 1 4 2 in HCT116 cells. Thus, the investigated platinum(IV) complexes and oxaliplatin are able to induce apoptosis in a concentration-( Fig. S11 -S16, ESI †) and time-dependent manner in HCT15 and HCT116 cells, whereas the highly resistant cell line HCT116oxR is less affected by all complexes bearing an oxaliplatin moiety.
Western blotting
To investigate in more detail the induction of apoptosis, the cleavage of caspase 7 and PARP was determined by Western blotting. In order to enable comparison with previous results, incubation times of either 24 h or 48 h with similar concentrations (see Fig. 6 ) were chosen. In accordance with our annexin V studies, satraplatin exhibits the highest activity and is able to induce PARP cleavage in all cell lines at all investigated time points. All compounds are able to induce cleavage of caspase 7 after 24 h (Fig. 6A ) or 48 h (Fig. 6B) , although it must be kept in mind that considerable amounts of cleaved caspase 7 are found in the untreated controls of every tested cell line. When incubating HCT15 cells with 50 mM oxaliplatin for 48 h, no cleaved caspase 7 is found. Together with the total cleavage of PARP in this sample, this indicates that apoptosis execution is already in an advanced stage at this time point. Overall, HCT116 exhibits the strongest signs for apoptosis induction on the protein level of all cell lines, as 2a, 2b, oxaliplatin and satraplatin induce PARP cleavage after 24 h, whereas no cleaved PARP (except for satraplatin) was observed in HCT116oxR cells. With increasing concentration of 1 and 2b and incubating for 48 h, all compounds are able to induce PARP cleavage in all tested cell lines (Fig. 6C ).
DCFH-DA assay
In addition to its DNA targeting ability, cisplatin is able to induce reactive oxygen species (ROS). 41, 42 In vitro experiments of Miyajima and coworkers showed that cisplatin is able to firstly generate and secondly enhance ROS levels when GSH depletors are applied. 43 Until recently, only very little was known about ROS formation upon treatment with platinum(IV) complexes, 26, 44 but in experiments using the DCFH-DA assay different platinum(IV) complexes showed the ability to generate ROS in SW480 cells. 35 In order to measure the capability of the compounds to produce reactive oxygen species, the oxidation of DCFH-DA to fluorescent DCF was monitored in HCT116 and 
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HCT116oxR cells every 10 min over 150 min fluorimetrically ( Fig. 7 and Fig. S17 , S18, ESI †). Complexes 1 and 2 and oxaliplatin are not able to generate ROS in the applied concentrations in HCT116 and HCT116oxR cells. At the lowest investigated concentration (1000 mM), 2a did not produce detectable ROS, but at the higher one (2000 mM) a distinct increase up to 1.9 times in comparison to control levels was found ( Fig. 7) . 2b and satraplatin cause a slight increase in the fluorescence intensity of DCF at lower concentrations in both cell lines. At higher concentrations, both compounds generate ROS levels twice as high as those in the untreated controls. Consequently, these platinum complexes are less active than other platinum(IV) complexes reported previously by, e.g., Pichler et al. 26, 35 A reason for the reduced potency could be the use of different cell lines. However, an influence of chelating ligands of the oxaliplatin-like core of these platinum(IV) complexes is more likely.
In vivo anticancer activity -antileukemic activity
In order to assess the anticancer activity of 2a and 2b, pilot experiments were performed in the murine L1210 leukemia model with a small number of animals (n = 2 or 3 per group). These experiments were performed in different laboratories (as mentioned in the Experimental section). For experiment 1 (performed at the CRI in Bratislava), 2a was applied on days 1, 2 and 3 after L1210 cell implantation. For experiment 2 (performed at the ICR in Vienna), 2b was administered on days 1, 5 and 9.
In both experiments, no long-term survivors without signs of leukemia were observed, but an increase in life span (ILS) was found. For 2a 35% ILS at a dose of 20 mg kg À1 and 24% ILS at 40 mg kg À1 were observed, but at the latter concentration a body weight loss of more than 15% occurred (data not shown), indicating acute toxicity of the substance. A 50% median increase of life span could be detected for 2b at 20 mg kg À1 , but at 30 mg kg À1 the substance was toxic (data not shown). These findings suggest that the maximum tolerated dose (MTD) is reached for both compounds at 20 mg kg À1 (Fig. 8 ).
In vivo anticancer activity -CT26 solid tumor model
As the anticancer potential of platinum(IV) complexes might be underestimated in a leukemia model being less favorable for reduction to platinum(II), compound 2b was investigated in a CT26 mouse model as well. The efficacy of platinum(IV) compounds may be enhanced due to the specific environment in a solid tumor tissue. It has been reported that the immune system is important for the anticancer activity of oxaliplatin as well as of oxaliplatin analogues. 45 This was the reason to compare 2b in immunocompetent BALB/c with immunodeficient BALB/c SCID mice. 2b was dissolved in water and administered i.p. at a concentration of 20 mg kg À1 on days 4, 7, 11 and 14 after the tumors became palpable. On day 15, the mice were sacrificed and tissues collected for further experiments. In BALB/c SCID mice, no anti-cancer activity was found, as the tumors in the control mice grow as fast as in the treated mice (Fig. 9A ). This is in accordance with Jungwirth et al. and previously published data. 45 In immunocompetent BALB/c mice, the tumor growth was distinctly retarded in three of the four individuals compared to the controls (Fig. 9B ). As in mouse 2 the tumor grew faster than in controls, tumor cells were isolated from the treated tumor as well as from a control mouse. These cells were further investigated for acquired drug resistance against oxaliplatin or 2b in vitro. However, no significant difference in IC 50 values in the MTT assay was observed that would indicate acquired drug resistance (Fig. S21, ESI †) .
On day 15, one day after the last treatment with 2b, the mice were sacrificed and organs were collected. The platinum levels in the blood, serum, liver, lungs, kidney, tumors and muscles as a reference were determined by ICP-MS after digestion by using sub-boiled nitric acid and microwave irradiation. To investigate a difference in platinum accumulation in the two investigated mouse models, platinum levels in the organs were compared. In all organs except the liver and kidney, about the same amounts of platinum were observed in BALB/c SCID and BALB/c mice. As expected, the highest accumulation of platinum is found in the liver and kidneys, as these organs are excretory organs and responsible for the detoxification of the body, followed by blood, lungs and serum (Fig. 10) . The lowest levels of platinum, which are nearly identical for the immuno-competent and immunodeficient model, were measured in the muscles and tumor. No statistically significant difference in the average platinum levels in the tumor or muscles of BALB/c SCID and BALB/c mice was found. It is noteworthy that mouse 2, which did not respond to the treatment, showed the lowest platinum level compared to the other tested mice (Fig. S20, ESI †) . In addition, induction of apoptosis in tumor tissues was determined by H/E staining (Fig. S19, ESI †) , but no significant differences were found between treated animals and untreated controls.
These results suggest that the oxaliplatin-based platinum(IV) complex 2b is processed in vivo to an active metabolite similar to oxaliplatin. The potential anti-cancer activity may be underestimated in immunodeficient mouse models. In fact, compound 2b seems to be strongly affected by the immune system. The extent and mode of action of 2b in vivo should be studied in more detail in further experiments such as investigations with regard to the immune response.
Conclusion
In this study, platinum(IV) prodrugs of the clinically relevant platinum(II)-based complex oxaliplatin were investigated in different in vitro and in vivo studies. The main focus was on effects caused by a reductive milieu and by the immune system.
Remarkably, not all platinum(IV) complexes require the presence of a reducing agent to start interacting with DNA as proven in a cell-free assay. In different colon carcinoma cell lines, most of the tested compounds show IC 50 values in the medium to high micromolar range. Reducing the oxygen partial pressure to establish a more reducing environment does not increase the cytotoxicity of these complexes. In multicellular spheroids with hypoxic cores, the cytotoxicity of the platinum(IV) complexes is even decreased, but to a lower degree than that of oxaliplatin. Additional investigations are necessary to clarify if this inactivation is due to poor drug penetration and accumulation. It seems that hypoxia, independent of the induction method, is not sufficient to activate these platinum(IV) complexes to a considerable extent. Nevertheless, these complexes induce cell cycle perturbations consistent with DNA-damaging activity (see ESI †) and finally lead to apoptosis in all tested cell lines. Unlike other platinum(IV) complexes, these complexes generate no or only little amounts of ROS in HTC116 and HCT116oxR cells. As 2a and 2b are the most promising of the compounds investigated here, in vivo studies in L1210 leukemia-bearing mice were performed, showing that both complexes are able to increase the life span of the mice distinctly. CT26 tumors in immune-competent BALB/c and immune-deficient SCID/BALB/c mice were treated with 2b to assess the activity in solid tumors. Activity seems to be highly dependent on the immune system, since only immunocompetent mice responded to treatment, while platinum levels in the tumor tissue are similar in both mouse strains and relatively low compared to other organs. These results support the assumption that the platinum(IV) complex is metabolized to oxaliplatin or a platinum(II) species structurally resembling oxaliplatin and induces an immune response. 23 Whether these complexes are able to interact with T cells and induce the production of interferon g like oxaliplatin remains to be investigated.
In conclusion, we demonstrate the high potency of platinum(IV) complexes based on clinically relevant platinum(II) drugs. They show all relevant properties such as DNA interactions, cytotoxicity, apoptosis induction and in vivo activity in addition to the advantages of the kinetically higher stability and lipophilicity that may qualify them for oral administration. Unlike complexes with a cisplatin or related core, reduction parameters hardly affect the cytotoxic potency of the oxaliplatin derivatives applied here. However, the high impact of the immune system on the activity of a platinum(IV)-based oxaliplatin prodrug could be demonstrated in vivo.
Experimental section
Compounds
All compounds were synthesized at the Institute of Inorganic Chemistry, University of Vienna, as described previously. 24 
Rate of reduction
The reactivity of complexes 1 and 2b with cellular reductants was investigated by 1 H NMR spectroscopy. Freshly prepared stock solutions of each compound (1 mM) as well as 2 mM or 10 mM ascorbic acid, or 2 mM glutathione (reduced) were prepared in 20 mM phosphate buffer (in D 2 O, pD = 7.51). Reaction mixtures of compound : reductant (1 : 2 or 1 : 10 molar ratio) were mixed directly before measurement, and spectra were measured at ambient temperature or 37 1C over a period of at least 14 h. 1 H NMR spectra were recorded with a Bruker Avance III 500 MHz instrument at 500.32 MHz. The solvent residual peaks for 1 H were used as internal references.
Electrophoretic dsDNA plasmid assay 300 ng of pUC19 dsDNA (2686 bp) plasmid were incubated with 50 mM of the test compounds alone or in the presence of 500 mM ascorbic acid in a 0.1Â TE buffer (pH 8) for different time intervals (30 min to 8 h) at 37 1C. Electrophoresis was carried out in agarose gel 1% w/v for 90 min at 90 V in 1Â TBE buffer. Ethidium bromide (EtBr) staining was performed in 1Â TBE (0.75 mg mL À1 ) buffer for 20 min. Images were taken by the GelDoc-It Imaging System Fusion Fx7, Vilber Lourmat Deutschland GmbH.
Cell lines and cell culture conditions
For cytotoxicity tests, three different human colon cancer cell lines were used: HCT15 and HCT116 were purchased from the ATCC (American Type Culture Collection). HCT116oxR was established by one of the authors (U. J.) at the Institute of Cancer Research, Department of Medicine I, Medical University Vienna, Austria, as described in ref. 46 . Every 3-4 passages, the cells were treated with 10 mM oxaliplatin for 3 days to ensure maintenance of the resistance. All cell culture media and reagents were purchased from Sigma-Aldrich Austria and all cell culture materials such as dishes, plates and flasks from StarLab Germany unless indicated otherwise. Cells were grown as adherent monolayer cultures in 75 cm 2 culture flasks in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen) and 4 mM L-glutamine without antibiotics at 37 1C under a humid atmosphere containing 5% CO 2 and 95% air. The murine colon cancer cell line CT26 and murine leukemia L1210 (both from ATCC) were grown in DMEM/F12 or RMPI 1640 medium, respectively, supplemented with 10% heat-inactivated fetal bovine serum.
Spheroid culture
For spheroid production, HCT15, HCT116, and HCT116oxR cells were harvested from culture flasks by trypsinization and seeded in RPMI 1640 medium (supplemented with 10% heatinactivated fetal bovine serum and 4 mM L-glutamine) in non-cell culture treated round bottom 96-well plates (Nunclon Sphera TM ) at densities of 5 Â 10 3 (HCT15), 3.5 Â 10 3 (HCT116), and 2.5 Â 10 3 (HCT116oxR) viable cells per well 7 days prior to treatment. To minimize evaporation, the outermost wells were not used for spheroid production and filled with 200 mL of PBS instead. The cultures were maintained at 37 1C in a humidified atmosphere containing 95% air and 5% CO 2 .
Cytotoxicity tests
For tests with normoxic monolayers, HCT15, HCT116, and HCT116oxR cells were harvested from the culture flasks by trypsinization and seeded in RPMI 1640 medium in 96-well microculture plates (StarLab) 24 h prior to treatment at densities of 2.5 Â 10 3 (HCT15), 1.5 Â 10 3 (HCT116), or 6 Â 10 3 (HCT116oxR) viable cells per well, respectively. For tests in 3D cultures, spheroids with the required diameter were treated directly in the round-bottom culture plates used for their production.
For both monolayer and spheroid treatments, stock solutions of the test compounds were prepared in RPMI 1640 medium and diluted stepwise to obtain a serial dilution. 100 mL of dilution were added to each well, and the plates were incubated for 96 h at 37 1C and 5% CO 2 . A fresh solution of 440 mM (E110 mg mL À1 ) resazurin sodium salt (Sigma-Aldrich) in PBS was prepared and 20 mL of it were added to each well. The plates were stained at 37 1C under 5% CO 2 for 4 h (monolayer experiments) or overnight (spheroid experiments). The fluorimetric measurement of the formed resorufin was performed with a Synergy HT reader (BioTek) (excitation wavelength 530 nm; emission wavelength 590 nm).
For tests in hypoxic monolayer cultures, cells were harvested by trypsinization and seeded with different densities (vide supra) in RPMI 1640 medium in 96-well plates in volumes of 100 mL per well 24 h prior to treatment under 0.5% oxygen and 5% CO 2 in a C-Chamber with ProOx oxygen/carbon dioxide controllers (Biospherix). The cells were exposed and stained, and fluorescence was measured as described above.
Confocal microscopy
For hypoxia staining, 30 spheroids were transferred into 1.5 mL microreaction tubes and washed with phosphate buffered saline (PBS, Sigma-Aldrich). Subsequently, samples were fixed with PBS containing 4% paraformaldehyde (Sigma-Aldrich) and 1% Triton X-100 (Sigma-Aldrich) for 3 h at 4 1C and washed with PBS (three times for 10 min). An ascending methanol series was used for dehydration at 4 1C in PBS (25%, 50%, 75%, and 95% for 30 min each and 100% for 3 h) and the reverse methanol series was used for rehydration. The samples were washed with PBS (three times for 10 min). The samples were blocked and permeabilized with PBST (0.1% Triton X-100 in PBS) containing 3% bovine serum albumin (Sigma-Aldrich) overnight at 4 1C, and subsequently washed twice for 15 min with PBST and incubated for 48 h at 4 1C with HIF1a antibody (Abcam, Cambridge, UK) diluted 1 : 400 in PBST. After washing four times for 30 min with PBST, the secondary antibody -Alexa Flour 647 (Cell Signaling, Frankfurt am Main, Germany)diluted 1 : 1000 in PBST was added for 24 h at 4 1C. The samples were finally washed four times for 30 min in PBST and investigated with a confocal microscope.
For staining of necrotic cores, viable spheroids were transferred into a Falcon non-tissue culture treated u-bottom 96-well plate, one spheroid per well in a total volume of 40 mL MEM (supplemented with 10% heat-inactivated fetal bovine serum (Life Technologies), 1% glutamine (Sigma-Aldrich), 1% sodium pyruvate (Sigma-Aldrich), and 1% non-essential amino acids (Sigma-Aldrich)). 160 mL of propidium iodide (Sigma-Aldrich) diluted in MEM to a final concentration of 1 mg mL À1 was added per well. The samples were incubated for 8 h at 37 1C and 5% CO 2 prior to image acquisition with a confocal laser scanning microscope.
Confocal imaging was performed with a CLSM from Leica (Leica SP5). It was equipped with 2.5Â, 10Â and 20Â multiimmersion objectives for low magnification, and for high magnification with 40Â and 60Â oil, water and glycerol objectives. Tonal range adjustment of the micrographs was carried out in Adobe Photoshop CS 4.
Apoptosis induction -Annexin V/PI assay
Cell death induction was analyzed by flow cytometry using FITC-conjugated annexin V (BioVision, USA) and propidium iodide (PI, Fluka) double staining. Cells were seeded 24 h prior to treatment into 48-well plates at densities of 6 Â 10 4 cells (for 24 h) and 4 Â 10 4 cells (for 48 h) and incubated in 250 mL per well in RPMI 1640 medium. The medium was removed and the cells were exposed to different concentrations of the substances in volumes of 200 mL per well for 24 h and 48 h (37 1C, 5% CO 2 ). After incubation, the cells were gently trypsinized and harvested, centrifuged (300 g, 3 min), and the supernatant was discarded. The cells were resuspended with annexin V/FITC (0.25 mg mL À1 ) in binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) and incubated at 37 1C for 15 min. PI (1 mg mL À1 ) was added shortly before measurement. The stained cells were analyzed with a Millipore Guava easyCytet 8HT flow cytometer using InCyte software. The resulting dot plots were quantified by FlowJo software (TreeStar). At least three independent experiments were conducted with 5 Â 10 3 cells per analysis.
Apoptosis induction -Western blotting
Cells were harvested by trypsinization and 6 Â 10 5 cells per dish were seeded into a cell culture Petri dish (6 cm diameter) in 6 mL of RPMI 1640 medium, and after incubation for 48 h the cells were allowed to settle and resume exponential growth. The medium was removed and the cells were exposed to the test compounds for 24 h or 48 h. Thereafter, the medium was removed again, the cells were washed with PBS and total cell lysates were prepared by lysis with RIPA buffer containing protease inhibitor cocktails (P8340, Sigma-Aldrich). Identical amounts (determined with the Micro BCAt protein assay kit following manufacturer's instructions, purchased from Thermo Scientific) of total proteins were separated by SDS-PAGE (9-12%) and electrophoretically transferred onto a PVDF (Immobilon s Transfer Membrane, Millipore) membrane by using a semi-dry blotter (Peqlab, Erlangen, Germany). The membrane was blocked with 5% w/v BSA in Tris-buffered saline/Tween 20 overnight at 4 1C. All antibodies were purchased from Cell Signaling and used according to the manufacturer's instructions. The antib-actin antibody was used as a loading control. Horseradish peroxidase-coupled secondary antibodies were appropriately diluted and incubated for 1 h at room temperature and detected by chemiluminescence using the Pierce SuperSignal chemiluminescence substrate (Thermo Fisher Scientific, Inc., Rockford, IL, USA) and the GelDoc-It Imaging System Fusion Fx7 (Vilber Lourmat Deutschland GmbH).
ROS generation
HCT116 and HCT116oxR cells were harvested and 2.5 Â 10 4 cells per well were seeded in RPMI 1640 medium into a 96-well plate in volumes of 100 mL per well. In the first 24 h, the cells were allowed to settle and resume exponential growth. The cells were washed with Hanks' balanced salt solution (HBSS, Sigma-Aldrich, containing 1% FCS) and incubated with 25 mM DCFH-DA (2 0 ,7 0 -dichlorofluorescein diacetate, Sigma-Aldrich) in HBSS for 45 min at 37 1C and 5% CO 2 . After staining, the cells were washed with HBSS and incubated with the compounds at different concentrations in 160 mL HBSS. ROS production was measured online with the Synergy HT reader (Ex 480 nm/Em 516 nm) over 2.5 h. The results are given relative to the untreated control. As a positive assay control, 200 mM tert-butyl hydroperoxide was used.
Antileukemic activity in vivo
Animal experiments were performed in accordance with the European Community Guidelines for the use of experimental animals in the animal facility at the Cancer Research Institute, Slovak Academy of Sciences, Bratislava, Slovak Republic. L1210 murine leukemia cells (1 Â 10 5 ) were injected in a volume of 0.5 mL into DBA/2J mice (weighing 18-22 g) intraperitoneally on day 0. The test compound was dissolved in DMSO and immediately administered intraperitoneally in a volume of 50 mL per mouse per day in a split-dose regimen (days 1, 2, and 3 after implantation of cells) to groups of two animals per dose. The toxicity of the test compounds was monitored by daily observation of the animals and registration of their body weight. The therapeutic efficacy of the test compounds was monitored by recording the lengths of survival of the experimental mice compared to vehicle controls.
At the Institute of Cancer Research, Medical University of Vienna, L1210 murine leukemia cells (1 Â 10 5 ) were injected in a volume of 0.2 mL into male DBA/2J mice (weighing 19-25 g) intraperitoneally on day 0. The test compound was dissolved in water and immediately administered intraperitoneally in a volume of 100 mL per mouse on days 1, 5, and 9 after implantation of cells. The toxicity of the test compounds was monitored by daily observation of animals and registration of their body weight. The therapeutic efficacy of the test compounds was monitored by recording the lengths of survival of the experimental mice compared to vehicle controls.
Anticancer activity against CT26 colon cancer cells in vivo
Murine CT26 cells (5 Â 10 5 ) were injected subcutaneously into the right flank of male BALB/c or CB-17 scid/scid (BALB/c SCID) mice and therapy was started when tumor nodules were palpable (day 4). The mice were treated with 2b (i.p. 20 mg kg À1 in H 2 O at days 4, 7, 11, and 14). Control mice received PBS i.p. The animals were monitored for distress development every day and the tumor size was assessed regularly by caliper measurement. The mice were anesthetized 24 h after the last drug application (day 15) and tissues were collected. Samples for ICP-MS measurements were stored at À20 1C. Samples for histological evaluation were formalin-fixed and paraffin-embedded. H/E stains were performed by using standard procedures. For the re-establishment of a CT26 subline after treatment with 2b, a tumor piece was mechanically minced in medium and the supernatant further diluted in culture medium containing 10% FCS.
Platinum quantification in mouse tissues by ICP-MS
Digestion of mouse organs was performed as described previously. 38 The organs were cut and digested in sub-boiled nitric acid by using the microwave system Discover SP-D (CEM Microwave Technology, Germany) at a temperature of 200 1C (ramp. time 4 min, hold 6 min) with maximal power of 300 W. The samples were further diluted with MilliQ water (final HNO 3 concentration o3%) and platinum concentrations were quantified by ICP-MS.
Statistical analysis
The results were expressed as mean AE SD. Statistical calculations were performed by using GraphPad Prism 6. Statistical significance levels with p o 0.001, p o 0.01 or p o 0.05 were obtained by the t test with Welch's correction, whenever indicated by ***, ** or *, respectively.
